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INTRODUCTION
The problem of heavy-metal pollution in soil has become increasingly serious recently. The remediation of heavy-metal-contaminated soil has become a popular research topic due to the challenges of degradation and biological toxicity. The biological method, which clears the toxic pollutants from the soil using plants and microorganisms, is considered to be an effective remediation method due to its low repair cost, environmental friendliness (Wuana et al. 2011) .
Though a large number of plants are highly capable of accumulating heavy metals, phytoremediation application is limited due to the small biomass and slow growth of some plants as well as the susceptibility of their accumulation abilities to stress and disease (Mahar et al. 2016) . Bacteria in rhizosphere soil that can significantly promote plant growth and nutrient uptake are known as plant growth-promoting rhizobacteria D r a f t
PGPR.
Soil microbial ecological distribution is easily affected by climate conditions and soil pollution, with regional differences due to heavy-metal pollution coming mainly from human activities (Luo et al. 2011) . Therefore, considering the angles of ecological security and strategies to enhance phytoremediation, it is necessary to isolate the dominant plant probiotics suited to the local polluted area to assist in phytoremediation.
Post-treatment using the material residues harvested from phytoremediation is another complex problem to address. At present, these plant residues are mostly disposed of as trash or hazardous waste, such as in landfills or direct incineration (Xie et al. 2013) , degradation at high temperatures or chemical extraction (Yang et al. 2009 ). However, there are also ways to reasonably use these residues, such as in compost (Chen et al. 2008a ) and for anaerobic fermentation (Cao et al. 2015) .
Phytoremediation residues can be used as organic fertilizer resources if they are rich in Cu, Zn, Mn and other essential elements.
Therefore, this study first isolated PGPR from the local area and investigated its effect on the promotion of plant growth as well as its ability to assist in phytoremediation of heavy-metal-contaminated soil. Additionally, the bacteria and the plant residues from remediation were applied together to saline alkali soil to sensibly use the remediation plant residues and improve plant tolerance to salt alkalinity.
D r a f t

MATERIAL AND METHODS
D r a f t
NY medium is coated with diluted soil. The isolated strains were separately inoculated onto the SB, LN, PKO and NBRIP media. The strains could then be screened for their P-solubilizing, N fixation and K-solubilizing abilities (Dary et al. 2010 ).
Determination of Bacterial Properties
The production abilities of IAA, siderophores and HCN of the screened strains were determined.
IAA production
The IAA production ability was determined by Sackowki's colorimetric method:
4 mL NY medium was added to the glass tube and sterilized at 121°C for 20 min, and then 1 mL tryptophan solution (2.5 mg·mL -1 ) that had been filter-sterilized was added to the NY medium to reach a final concentration of 0.5 mg·mL -1
. The isolated strains were inoculated into the medium as described above and cultured for 4 days by shaking at 180 rpm. Then, 1 mL bacterium suspension was fully mixed with 2 mL Sackowki ' s color agent (250 mL deionized water, 150 mL concentrated sulfuric acid, 7.5 mL 0.5 M FeCl 3 ·6H 2 O) at room temperature for 20 min. A pink color indicated IAA production, with a deeper color indicating a greater ability to produce IAA.
Sterile water was used as the control treatment, and all determinations were performed using four replicates.
Quantitative determination of IAA production was carried out as described below. The bacterial suspension cultured in NY medium for 12 days was centrifuged at 10,000 r·min -1 for 10 min. One milliliter of supernatant with an equal amount of D r a f t color agent was mixed in the dark for half an hour and then immediately measured by spectrophotometry at 530 nm. The control treatment added to the color agent was used to achieve a baseline at 530 nm. Every sample was repeated three times. A standard curve was made using the 3-IAA standard. The amount of IAA secreted by a strain was calculated using the corresponding standard curve. The results were selected according to the range of determination of PC and S2, and the number of secretions was also calculated. 
Siderophores production
Solution a: 0.012 g chrome azurol sulfonate (CAS) was dissolved in 10 mL double distilled water, and 2 mL 1 M FeCl 3 solution was then added. tyrosine protein and 2 mL 20% glucose were added into medium d, and then staining solution c was slowly added and shaken along the wall of the flask. The isolated strains were inoculated into the blue qualitative detection medium as described above and then cultured at 28°C to detect siderophore production.
HCN production
Glycine (4.4 g·L -1 ) and filter paper that had been soaked in 2% sodium carbonate solution and 0.5% picric acid solution (2,4,6-trinitrophenol) were added into the NBRIP culture medium. The isolated strains were inoculated on the medium and cultured for 4 days at 28°C. A change in the color of the filter paper from orange to red indicated HCN production.
Identification of strain
Strain Y4-4 was identified based on 16S rRNA gene sequence analysis and by the physiological and biochemical tests referenced in Bergey's Manual of Determinative Bacteriology (Holt et al. 1994) . The analysis method of the 16S rRNA gene sequence was performed as described below.
DNA extraction and amplification of 16S rRNA sequences
Total genomic DNA was extracted using an SDS high salt precipitation solution D r a f t (Miller et al. 1988 3730) was used to obtain the 16S rRNA gene sequences using the sequencing primers M13-47 (5'-CGCCAGGGTTTTCCCAGTCACGAC-3') and RV-M (5'-GAGCGGATAACA ATTTCACACAGG-3') by Nanjing Genescript Biotechnology Co., Ltd.
Phylogenetic tree
The similarity search of the 16S rRNA gene was performed using BLAST(2.2.28
) and the NCBI database. The alignment of the different 16S rRNA gene sequences from GenBank was performed using CLUSTALX 1.8.3 with the default settings.
Phylogenesis was analyzed using MEGA version 4.1 software. Distances were calculated using the Kimura two-parameter distance model. Unrooted trees were built using the Neighbor Joining method. The dataset was bootstrapped 1000 times.
6 Pot experiment 1: Strain Y4-4 assisted alfalfa in remediating D r a f t
heavy-metal-contaminated soil
The Cu-contaminated soils and Zn-Pb-contaminated soils were air-dried, and the soil samples were mixed respectively for further use. Ten alfalfa seedlings were transplanted to one pot with 500 g soil when the root length of the cultured seedlings reached 1 cm. Five seedlings with excellent growth characteristics were left after one week due to thinning out. Then, a 15 mL suspension (10 9 cfu/mL) of strain Y4-4 was added into each pot at 7-day intervals, with a total of 5 inoculation times. 15 mL deionized water was added as the control. The alfalfa seedlings were grown in a greenhouse with natural light at 25-30ºC. Each treatment was replicated in five different pots. After 42 days of exposure, the plants were harvested and their lengths were measured. The weight and heavy-metal contents were measured after the plant samples were killed by exposure to 105ºC for 30 min and dried at 75ºC.
The plant samples were digested in HNO 3 -HClO 4 （v:v=87:13）, and the heavy-metal concentration was then determined by flame atomic absorption spectrophotometry (FAAS).
Pot experiment 2: the effect of strain Y4-4 and Cu-rich plant residue on the growth of wheat in saline alkali soil
The material of plant residues is rape plants. Rape grown in the Cu-contaminated soil was harvested to test the plant residues at the 7-leaf stage. The Cu concentration in the shoot was 49.4 mg/kg dry weight when rape plants were harvested. The shoot of the fresh rape was washed in water, cut into pieces, and then fermented for two weeks at 30ºC into fermentative plant residues. The shoot of the fresh rape was washed in water, dried at 80 ºC to a constant weight, and ground through a 100 mesh D r a f t sieve to produce dried plant residue.
The six treatments were as follows: no strain Y4-4 added nor plant residues added; strain Y4-4 added separately; dried plant residues added separately; dried plant residue added with strain Y4-4; fermented plant residue added separately; and fermented plant residue added with strain Y4-4. The plant residues and saline alkali soil (w:w =2%) was mixed evenly and balanced out for two weeks before planting the wheat seedlings.
The wheat cultivation method was the same as that of alfalfa seedlings in pot experiment 1. The dry weight, Na concentration and the heavy-metal content of the wheat plants were measured after harvest.
Data analysis and nucleotide sequence accession number
Statistical tests were performed using single-factor analyses of variance, followed by LSD tests. A significance level of P<0.05 was used throughout. SPSS software (ver. 16.0; SPSS Inc., Chicago, IL, USA) was used for the statistical analyses.
The nucleotide sequences of the strain Y4-4 16S rRNA gene have been deposited in the GenBank database under accession number KJ155792. D r a f t N fixation, and K-solubilization and were named AD8, CB5, AC4 (1), AC4 (2) and Y4-4 (Table 3 ).
The five strains above were separately inoculated onto the CAS plate. Whether the strain had the ability to secrete siderophores was judged according to the yellow circle around the colonies. The strain Y4-4 was surrounded by a yellow halo, indicating that it was able to produce siderophores (Fig. 1a) . The results of the HCN test are shown in Fig. 1b . Compared to the control, strain Y4-4 could turn the color of the filter paper from orange to red, which indicates that it could secrete HCN in the growth process. Fig. 1c shows the color test results of the qualitative production of IAA. Strain Y4-4 had the strongest ability to produce IAA (45.78 mg.L -1 ) based on the quantitative determination of the spectrophotometer. Therefore, this strain was chosen as the target strain for further study.
The results of the physiological and biochemical test are shown in Table 4 Cu-contaminated soil, inoculation significantly increased the alfalfa height and the dry weight of both the shoot and the whole plant by 20.7%, 22.6% and 21%, respectively, compared with the non-inoculated treatment (Table 5 ). In
Zn-Pb-contaminated soil, strain Y4-4 increased the dry weight of both the shoot and whole alfalfa by 23.4% and 22%, respectively (Table 5) The objective of phytoextraction in heavy-metal-contaminated soil is to increase the heavy-metal accumulation in plant shoots, thus accelerating the removal of heavy metals in contaminated soils. The highest value of Cu accumulation in a shoot of alfalfa plant after inoculation with strain Y4-4 could reach 15% compared with the non-inoculated treatment; however, there were no statistically significant differences observed in the overall results (Table 5 ). The addition of strain Y4-4 did not significantly affect the Cu content of alfalfa shoots grown in copper-contaminated soil.
This might be due to a "dilution effect" resulting from the significantly increased biomass of alfalfa after the inoculation. However, the Zn content in the alfalfa shoots grown in Zn-Pb-contaminated soil significantly increased (by 33%) after inoculation with strain Y4-4 (Table 5) . Alfalfa is a perennial herb that is easy to grow and has a D r a f t
Biomass variation of wheat
The effects of strain Y4-4 and Cu-rich plant residues on the biomass of wheat grown in saline alkali soil are shown in Table 6 . The separate addition of strain Y4-4 or dry plant residues to the saline alkali soil did not have a significant effect on the shoot and root biomass of wheat; however, the addition of the mixture (strain Y4-4 and dry plant residues) significantly increased the plant biomass in the shoot and root by 70.4% and 56.4%, respectively. The separate addition of fermentative residues significantly increased the wheat biomass by 150.6% and 112.7% in the shoot and root, respectively. The addition of the mixture (fermentative residues and strain Y4-4) increased the wheat biomass of the shoot and root by 159.3% and 136.4%, respectively. The enhancement of the wheat biomass showed that strain Y4-4 and plant residue could significantly promote seedling growth in saline alkali soil.
Na and Cu contents of wheat plants
The variations of Na content in the shoot and root of wheat did not differ significantly after the separate inoculation of the saline soil with strain Y4-4. However, the addition of dry residues with strain Y4-4 could significantly reduce the Na content in the shoot and root of wheat by 15.3% and 4.7%, respectively. The fermentative residues added separately or mixed with strain Y4-4 could significantly reduce the Na content in plant shoots as well as improve the root Na content (Table 6 ). In addition, the separate addition of plant residues or the addition of the mixture of the plant residues with strain Y4-4 could significantly improve the Cu content in the shoots of plants, improving the Cu nutrition of the plant. The separate addition of strain Y4-4 D r a f t had no significant effect on the Cu content in either the shoot or root of wheat. These results indicated that the effect of plant residues on plant Cu uptake was significantly higher than that of strain Y4-4 (Table 6) .
Saline alkali soil generally shows the fertility characteristics of P and N deficiency, as well as the levels of useful metal elements and organic matter content in these soils are often low (Jiang et al. 2016) . In addition, the diversity and quantity of soil microbial species noticeably decreases under salt stress (Yang et al. 2016) . Based on the reports of Lashari (2014), crop residues have the ability to contain large amounts of calcium, which could be released through biological degradation, and the free Ca 2+ was increased after the biological remediation biological process. We deduced that the adaptation of the wheat to the salt stress was mainly attributed to the ionic homeostasis in tissues. The addition of plant residues that are rich in beneficial elements as a soil additive may solve soil problems such as effective ions and organic matter deficiencies. Moreover, this approach also solves the disposal problems associated with these plant residues.
The addition of either fermentative plant residues or dried plant residues could promote wheat growth, but the effects of fermentative plant residues are more significant. The promoting effect of the inoculation treatment was better than that of the non-inoculation treatment, which may have been due to the nutritional substances provided by the plant residues. Therefore, plant residues combined with PGPR have the potential to be developed into organic copper fertilizers. The addition of plant residues accounted for 2% of the soil quality, and the concentration of plant residues D r a f t appeared to be beneficial for improving the plant growth and Cu nutrition. However, further studies are needed to clarify the optimum addition amount, addition frequency, and the behavior of the beneficial heavy-metal elements applied to the soil.
CONCLUSION
The PGPR strain Y4-4 isolated from a mining area has phosphate solubilization, nitrogen fixation, and potassium solubilization abilities and produces growth hormones, siderophores and hydrocyanic acid. Strain Y4-4 was identified as Pantoea sp. based on physiological and biochemical characteristics as well as its 16S rRNA gene sequence. The results of the pot experiments using alfalfa grown in Cucontaminated soil or Zn-Pb-contaminated soil showed that strain Y4-4 could significantly improve the dry weight of both the shoot and the whole plant.
Inoculation with strain Y4-4 increased the accumulation of Cu in the shoot by up to 15% at the highest level, and the Zn contents in the shoot and whole plant increased by 33% and 30.3%, respectively. These results illustrated that strain Y4-4 has a potential application in improving the phytoremediation of heavy metals in soils.
Either the separate addition of fermented residues or the combined addition of plant residues and strain Y4-4 to the saline alkali soil could significantly increase the biomass of wheat. The addition of dry plant residues with strain Y4-4 could significantly reduce the sodium content and improve the salt tolerance of wheat.
Finally, the plant residues added separately or with strain Y4-4 could improve the Cu D r a f t content in the wheat shoot. These results showed that the Cu-rich plant residues combined with PGPR have the potential to be developed as organic copper fertilizers.
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